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Abstract

Bulk amlorphous Zr9 4.5 Ti7 .5 Al1oCu25oNi5 is investigated by means of small-angle neutron scat-
tering (SANS), differential-scanning calorimetry (DSC), high-resolution electron microscopy
(HREM) and other methods. The formation of ultrafine nanostructures in the glassy phase
is observed and explained by a new model. Structural fluctuations of randomly distributed
partially ordered domains grow during annealing just below the glass transition tempera-
ture by local re-ordering. During annealing the DSC gives evidence for a increasing volume
fraction of the locally ordered domains. At high volume fractions of impinging domains a
percolation threshold on the interconnected domain boundaries occurs and enhanced diffu-
sion becomes possible. At that stage SANS measurements lead to statistically significant
scattering data. The SANS signals are analyzed in terms of a model taking into account
spherical particles surrounded by diffusion zones and interparticle interference effects. The
mean radius of the nanocrystalline particles is determined to 1 nini and the mean thickness
of the depletion zone is 2 nrn. The upper limit for the volume fraction after annealing at
653 K for 4 hours is about 20 %. Electron microscopy confirms the size and shows that the
particle are crystalline.

Introduction

The mechanisms of nanostructure formation in amorphous precursors are of much current in-
terest. According to the variability of chemical composition, short- and medium-range order,
and preparation methods of metallic glasses [1], these materials show a great variety of phys-
ical and chemical properties. One of these properties is the ability of some amorphous alloys
(e.g., Finemt, see [2]) of transforming into a nanostructured state during annealing. Both
from the technological and physical point of view, it is important to understand the processes
responsible for the transition from the homogeneous amorphous state into the nanostructured
one. Several possible mechanisms of the formation of nanoseale structures in metallic glasses
have been discussed: preformation of aggregates in the liquid state [3, 4, 5, 6], extremely
high nucleation rate accompanied by decreased growth rate [7, 8], spinodal decomposition [91,
decomposition within the amorphous state and subsequent crystallization of at least one of
the amorphous phases [8, 10], homogeneous nucleation taking into account linked stochastic
fluxes of interfacial attachment and diffusion in the cluster neighborhood [11], and a model
considering inhibitors accumulating at the surface of the nanocrystals to be responsible for
limited growth [12]. Recently, ultrafine nanostructures have been observed in Zr-based bulk
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amorphous alloys. Cryst al-hike cluisters [13] andl 11101 ((yst a s [1,11 with niicati grain size of
2 1111 were dletectedl anid anialyzed 1)I vy tieaiis of A-rayv (Iifriact jont(XIM ) anid IR EM. respec-
tively. It, wa)s shown [15, 16, 17] that partial cry'Nstallization of si ich all ovs oil a nalii nlet er
.scale mialy hiave. considera11'mbO tinence onl mechaniticalI properties of' thle mant erial. I Lie we

Figure 1: HI{EM inmage of the saimple aninealed for '240 min. at 653 XK. For the iiiarked areas
a), b) and c) two dIimlensionial fast fourier trainsforiiatioils were sho~wnillii separate pictutres.
In b) aiid c) a iiaiiocrystal is visible.

examinoe the evolut ion of, iilt trafine iian ost ri lt ires in hiulk ain orph otn)is Zry~ .5Ti7.5Al10C 'll20 Nb
duiring ann eanIiig in the glass transit ion range in order to find ou t thle inecha Ili sinls of' t he
st rtct 111r10 iitna t 1011

Sample preparation and thermal treatment

The sainples were p~rep~ared hr a single roller ntelt spinnhing techniquew. Bf'y rapid qtieinchtiiig
froml the mlelt one, obtains ribbons with a wvidth of' about 5 mmi ando a thickness of' about
50 Inn). The obtained as-lprelpared samp~les are homogeneous wvith respect to HRENI and
SANS. The SANS sigiial of the as-quieiicied state which conitainis oiil]'v statistical iioise was
shown iii figiiri 6. From i thiis iima terial a t iiiie-series of saiii 1)10S was plreplared I w anineal in g at
653 1K for 1 5 iniiii up to 240 ini i. The used t emp Ieratuiire is sI i gItl lv bellow thle glass t eli ijer-

at nre T, whicihI is characterized by thle estimliate(s of thle T,(omiser)cGt) 1K66 in and T5 (iiifect ion
poilit )= 68t) K t emperatutres of the glass traiisit ion regioni shiowni in figuire 2. The thlerilii t
cltarict eriza t itns were made11)1' v usinog a Perkin-Eltmer DSC 7 calorinieter at a flioating rate
of 40 1K/itiin. The DSC plo~t, for thle as-jlrepalred Samixp1le ill a t eitpera tutIre raitge Fronm 500 1K
to 8Sf) 1K is shown ill figiure 2. Two exothItermlic eveints betwIeen 695 1K and 74tt 1K antd abhove
740) K lead to an hteat release of 19.7 J/g aitd 14.0 J/g, respectively. Aitnealing lilt) to 873 1K

2(00



0.5

T.,

0 
P

" -0.5

-1.5

500 550 600 650 700 750 800 850
temperature (K)

Figure 2: The heat flow measured with DSC technique. The DSC scan (40 K/min) shows two
exothermic events. The total heat release between T 1 = 695 K and T,2 = 740 K is 19.7 J/g.
For the second event (T > 740 K) one obtains 14.0 J/g. The annealing temperature of the
samples was T, = 653 K.

lead to a completely crystallized state with particles of about 50 ira in diameter. All the
ultrafine nanostructures occur only below 740 K. The preparation temperature of 653 K was
chosen because pre-experiments indicated that the time scale of transformation was good for
our observations. The embedded picture in figure 2 outlines the procedure of the determi-
nation of the heat releases for the annealed samples. The difference (proportional to AA in
the picture) between the heat release measured for the as-quenched sample (19.7 J/g) and
the heat release obtained for the annealed one (proportional to A,) was used to define the
transformed volume fraction during this exothermic event in figure 5. The fractional heat
releases for the sample series with different annealing times is used in figure 5 to describe
the transformation kinetics.

Small-angle neutron scattering

The SANS experiments were carried out at the small-angle scattering facility V4 at the
Berlin Neutron Scattering Center (BENSC). To characterize the global time evolution of the
SANS signal on can calculate the scattering invariant 12 defined (see e.g. [18]) by

12 dqq2  d N A Aqid(lr - (1)

k.1 dQ } Aq

The result of this analysis is shown in figure 3. The error bars arise from the experimental
errors of du/dQ(qi) and the confidence interval of the background fit (da/dQf). For two-
phase systems 12 is given by c(1 - c) A772 where A01 is the scattering length density contrast
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of the two phases anid c the volumie fraction of one of the phases. Thle behavior Of 12

versus amiii all g tim e differs in a funidami ent al niaii nr froini the I)SC (see figure 5) and1(
XDI1 resulIts [13]. 111 the b)oundi of th li' rrors thlore is rio lia iige of the invariant during tlhe
annealinig p~rocedure up to 90 mini. Ini conitrast to thle evolutition of th lie hat releaiSe showvn inl
fignlre 5. After 90 miii. the hecat release at t his st age of the a niialimg process reaches over
70 Wc. This means (lie tra nsform atio plrocess respon sib11e for thle olbservedl liivii release is
not dete ee abide ini S ANS. Then th ]W V11 Ie of' 12 elm Inge(S sign lifiian at Nv for 12(0 rin n 18(0 inin anol
240 min ain ii)nal ing. Thiis gives a hint to tihe presu impt ion t hat a new kinid oftIransfornma 111)

process was actiiatedl. This coiifirmis to a signifieant chanige ill thle biehiavior of the hleat
release enrve (see figure 5) and tie viseositY curve (see figure 7) at that time.

1.2

0.81

:-0.6

0. 4

0.2

0I
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Figiire 3: Evoluition of' the SANS seat terni g contrast versu s aniinealin g tinme. The seat tering
invariant J.* is eoqual to (34l ± 9) * 10-1c uinn

A qulialitlativye anal 'ysis of the SANS (1ata1 for t he 12(1 mi n., 1 80 mini. a nd 24(1 miii. annealed
siamnples is imadoe wit a model of' pl)'lvdisperse spherical pa rt i cles with Ii (Ii [ision zon)es [19].
To take. into accounnt interparticle interf'ereciies wve conbi ine the Perciis-Yevick app1roachi ac-
cording to 1210] ando our modle ini I(lie following way: -

I(q) = S(q. I?,,,., c,,)IF(q, It, -, 1)12 (2)

I F(q, /1 (7, 1) 12 olescr~il)es t 1e coii1triliitioii of the isolated gainnia dlist ribauted spherical particles
with diffusioni zone where It and aT are nieaii value aiid] root iiieaii square of tlie ganiifiia
distribution, respectivelY, anld I characterizes (lie diiienisioii of the odiffusioii zone (for- details
see 119]). S(q, R?,,. 1C,) is the conitributioni of the hard-core sv' steuii with hard-core raohiiis I?,,,
aiiul( volume fractioii c, and can~ be1 expiressedl iii thie Pcrciis-Yeicik app~roauchI as

S((q1 fts. (3)1
1 c ((2qI?I,,. co, 3
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Table 1: Results of the least-square fit of the SANS data obtained from the 653 K / 240 mill
state. Mean values and limits of the 95% confidence intervals.

parameter p, (nm) a (nm) 1 (nm) Rh, (nm) c, (%)
mean value 0.96 0.34 2.2 5.2 17.2
lower limit 0.85 0.31 1.6 3.7 7.0
upper limit 1.07 0.37 3.0 5.7 21.3

Here c(x, c,) is a function which can be calculated analytically (see e.g. [21, 22]). The
experimental SANS data are fitted by equation (2) using a non-linear least-square routine.
The results are given in table 1 and the quality of the fit was demonstrated in figure 6.
The upper and lower bounds of the confidence intervals are not symmetric to the mean
value. This is a consequence of the non-linearity of the fit. The confidence interval is chosen
so that the true value of the paramieter fitted can be found within this interval with a
probability of 95%. The spatial distribution of the scattering length density for one particle
with the Radius p is shown in figure 4. It was shown [22] that for the samples annealed for

-4

-4 -2 0 2 4
x (nm)

Figure 4: Radial profile of the scattering length density for a given particle.

120 rinm., 180 rain. and 240 miin. it is essential to use a model with diffusion zones to fit the
data. The influence of the interparticle interferences together with a simple two-phase model
(e.g. polydisperse spheres) cannot explain the SANS data. In our model this interferences
permitted a estimate of the volume fraction of the particles. This estimate is crowing from
about 7 % in the 120 min. case up to 17 % in the 240 rain. case. The results of the
particle sizes were confirmed by HREM in figure 1. The HREM images were taken with the
300 kV microscope TecnaiF30-STwin (FEI) at IFW Dresden after preparation in the Rapid
Etching System RES010 (Bal-Tec) with flat striking Ar+ ions. The embedded FFT pictures
in figure 1 additionally shows that the particles are crystalline.
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Figure 5: Tuime evolution of the fractional heat release during annealing. Tile solid line shows
the theoretical curve h~ (i) + hb(t). the dlashed line shows hi,, t) for t > he,.

Results and Discussion

The dihlci cut b~ehavitor for the evolutition of the S ANŽS cuirves versus anneialinug timec and the

DSC curves, guidled to a modlel with two (liffeeleilt processes during naloerr stallisatioln. The

lpreserited interp~retation is hased onl the idlea that the struct ure of a supIercooled liqunid alloy'
is hieterogenous'. Recent exp~erimental (see e.g. [23. 24. 25]) and theoretical (see e.g. [26.
27, 281 29]) w'orkings dliscutss the influence of this assutmpItionl to ph 'ysic-al p~roperties. It.
mnigllt be exp~ected that. the reason for the type of Itatlost rutltltritg described here is related
to proper('ties of the supercooled liquid state, ('sl)(ciallvN to dyniamical lhlterogeneities. We
assumne that in the suplercooledI liqutid State (differenit local configurat ion.' exists with di(ifferentt
local free entergy andl correlation length. Annealing with a proper teimnperat nrc etlalbles cluster
having a suit able free energy st art to grow bY rearranging of at oms or at 010-grouips at thbeir
sturfaces. We st ate that the bevat rel ease inl the DSC mleastrilreent S tip to ahot it 100) mill.
rises from this process. If' the growing clusters atrc dlist ributed randomfly in thle material and
all1 clusters p~articipate inl the glowing process the well known lKoltiiogo-ov,-.Johimi~sonl-?ilehl-

Arauli (IKJMA) model (see [30, 31.ý 32]) can be usedl to explain the growinig of the clusters.
If va, is the tranisformted volume fractiotn t~le KJNIA mtodel predict a tuime evolut ion of this

paramteter to:

a 1 - ('Xp {Ao(1- (1 -- I)1 .(1

Here 1 - exp{) -AoI is thIie voltiiIn e frac t ion of' th ie a cti va t e clusters at 1 0 t andl r0 their mnean
radhis at the beginning of growth. v describes the velocity of the clttster sutrface propagationi
duritng growing and inl a first approximation v is suipposedl to be const ait. Itt equtationh (41)
it is supp~losedh that tile act~ivatedl clusters hiave. a flinitec size at the beginnuing nif tile growinig

proce(ss. If we assutine. that the iteat release ha, is proprllttionial to die transformted volutite

204



fraction va we can fit tie DSC data with following equation.

Ila aX1 - exp {Ao(i - (1 + -)m} ) (5)

The result is shown in figure 5 as a dashed line.
For annealing times greater than approximately 100 rini we learned from the SANS

results, that a new process should occur to explain tile increase of 12 and the predicted
particles with a mean radius of about 1 om. The essential diffusion zone around the particles
places us in the position to postulate the start of a diffusion controlled process after about
100 rinm. If we assume here again, that the heat release is proportional to the transformed
volume fraction we can approximate its contribution to the heat release also by a KJMA

expression.

Vb= c" (I - exp {(I - o(t- tb )3/2)}) for t > tb (6)

hb(t) = b, (1 - exp {(I - a(t- tb)2)}) for t > 4 (7)

A least-squares fit of h., + hb to the DSC data shown in figure 5 as a solid line. A statistical
analysis reveals the parameter values h"'" = 17.7 J/g , h"" = 2.0 J/g. AO = 0.35, tb =

96 Mmil, 'Vtb/'ro = 0.67 where the 95 % confidence intervals are in the range of 10 % to 20 % of
the expectation values. It is obvious that the introduction of diffusion controlled miechanism

10-
9

SANS data * OS3K240ilu7 Dan quenched

6__ model ai

5

4814

2

j-
3

0 9

6

3 4 56 78IO0" 2 3 4 56 7
q (nm-')

Figure 6: Sails data obtained from the as-prepared state and the ainealed sample (240 main
at 653 K). The solid line is a theoretical curve obtained with a model of polydisperse spherical
particles with diffusion zones. The embedded picture shows the fitted probability density
p(r) of the particle sizes.

at a time tb can explain both the results of the DSC experiment and the results from the SANS
experiment. The question of physical background of this process arises naturally. We assume
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that, large locally ordleredl (lusters become unstable (luring the growl Ii. TIhis assiiintption is
suggestedl by theoretical aiid exper-imental results Onl the stai alit 'v of clusters of atoms. It,
has b~eenl shown dhat, icosaliedral arranlgemient of atoms is enieret icallv advanitageouls for
smnall clusters consisting of several hiundrieds of atoilis whereas for larger particles crvstalliiie
order is iiiore favorahle (see e.g. [33]). It is reasoniahie to assuime thle existeiice of icosabedral

local packiiig in thle p~resenit met(4allic glass since inl sinilar alloy' s such as Zri,,ýC7.JiiiNiti)Al7.r
tihe formation of icosa hedro Iphlases was observedl experienwitaull 'v [3 1. 3.5]. Addit i uial lv at
this stage of the process the piacking fraction is so high t ha t dliie to diffu sion prcse at
the iiimpiniginig 511rfiaces thIe t ranmsformat Iion inuto I he cr 'vsi alliiie state can lie prom oted . The

change of' lhe local chemical composition or their local hoiuda(r ' coiiditjions cmn tHan lead
to the sea tt eriiig contrast increase observed 1) liv SANS. The oiiset of' Ii flusi oi andr/or the
foriiat ion of mianlocrystallites should lie visible iii the bheiavior of' thle shear viscosity ý of a
samipl e sii .j ect ed t~o isothe irimal aniineal inig. Figiure 7shtow-s lie resiuli of, tilie Corresp oiid ing

loll

04 50 10 DO 15 200 250
annealinig timie (mini

Figure 7: Evoliit ion of thle shear viscosi lv versi is inliiealing time.

experiment carriedl at a) constaiit linialxial load using a Perkiui-Euiner DSC 7F. There is a
eon t i mohos i ncirease of 'i fromi the Ibegi nniiig of thle thiermial t reamn i e t at 653 X u p to abI outi
90 niiiii. This increase can lie understood as a (decrease of the iuean tree if volume accorduigl

to the expressioii

(t) x) exp {± }with I', a Critical vailue of' rj (8)
t Of

Ini the initer val froii 100 mill to 130 mmi aiinealing tulme the curve showvs a significant dip inidi-

eating a~ teniporarily increase of ilie inoon free volume accor-dingp to equa tioi 8. So tha t alIso
lie shear viscosity recordedI a significant (halige of its 1 ihavyio w at thle so i mie st age as SAN S

and( DSC d1o. Ini this model t he, improvement otf' lie med iiim-ra 0 g order durniig- a noen liiig
in t he siimiplles, it const ant properties oii itle next- iieaurest nel ghilor shell call be iiiiderst ood
as the lincerase oh' the correlatiton length of' local icosaliedral paickinug realized bly ic-arranging
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of small icosahedral structure units at the cluster surface. This also may explain a decrease
of the free volume and a increase of the shear viscosity according to equation 8. The evolu-
tion of the correlation length rxrd measured by XRD (see [13]) and its mean value of about
1.6 nm confirms this interpretation as well. We assume further on, that large noncrystalline
clusters become unstable during their growth. Then the change of the chemical composition
and/or their local boundary conditions lead to an transformation into the crystalline state.
As mentioned above icosahedral arrangements of atoms are energetically advantageous for
small clusters whereas for larger particles crystalline order is more favorable (see e.g. [33]).
The volume fraction of locally ordered clusters at that stage of about 70 % leads to imping-
ing of domains. An percolation threshold on the interconnected domain boundaries may
occur and enhanced diffusion becomes possible. The SANS results were obtained under
the assumption of a diffusion zone around spherical particles and a good evidences for its
existence was found. All parameters obtained with the non-linear least-square fit are in a
very good agreement with the results from HREM, DSC and XDR, analysis. The methods
together permit us to suggest a model with is in agreement with the data and theoretical
considerations. Therewith this model is a contribution to explain the formation process of
nanoscale structures in metallic glasses.
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